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1. Introduction 
 
    Lipids are essential components of microbial membranes (Op den Kamp, 1979). 
They play critical roles in microbial functions, including signal transportation, cellular 
barriers, energy repository and membrane architectures (Cronan, 1978; Cronan and 
Gelmann, 1975). Membrane lipids are very complex and highly dynamic, there are 
hundreds of molecular species and they are always changing with physiological and 
environmental changes (Dowhan, 1997; Nikaido and Vaara, 1985; Woese, 1987). It is 
not clear why nature created so diverse types of lipids. Recently, lipidomics, a novel 
discipline has emerged to study membrane lipids based on analytical chemical tools, 
particularly mass spectrometry (Brügger, 2014; Han and Gross, 2003, 2005; Yang and 
Han, 2016). Lipidomics can help us to identify new lipid molecules, reveal the 
mechanisms underlying responsible for physiological or environmental conditions, 
discover potential biomarkers to understand climate change, organism interaction and 
evolution (Han et al., 2012; Shevchenko and Simons, 2010; Wenk, 2005). Besides, 
stable isotope probing of certain lipid types reveals the activity and function of distinct 
microbial community in the environment (Wegener et al., 2016). Accordingly, with 
lipidomics, our understanding of the microorganisms in the complex ecosystem will be 
undoubtedly accelerated.  
In this introduction, first I briefly introduced the classification of life and the 
importance of microorganisms in the environments. Then I summarized the tools to 
study microorganisms and compared them to the mass spectrometry-based lipidomic 
techniques. In addition, the type and function of archaeal and bacterial membrane lipids 
were introduced for better understanding lipidomic technics. Finally, I discussed the 
advantages and limitations of recently used lipidomics derived biomarkers and 
highlighted the aim of this thesis.  
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1.1 Tree of life 
        Based on the biological classification of Woese et al. (1990), life on the planet can 
be divided into three different domains – archaea, bacteria and eukaryote (which 
consists of plants, animals, fungi and protists, Fig. 1.1). The reason why prokaryotes 
are separated into two groups, archaea and bacteria, is that neither of them are 
precursors of each other. Besides, there are significant structural and genetic differences 
between them (Woese and Fox, 1977). Archaea contain genes and proteins that are 
more homogenous to Eukarya than Bacteria (Auer et al., 1989; Kimura et al., 1989).  
        Bacteria and archaea live almost everywhere on Earth. Particular archaea were 
initially thought as extremophiles thriving in harsh environments (e.g., hot spring or 
hypersaline water) because of their distinct physiologies (Kvist et al., 2007; 
Narasingarao et al., 2012). But they have been ubiquitously found in soils, peats, lakes 
and seas (Auguet and Casamayor, 2008; Leininger et al., 2006; Turich et al., 2007; 
Weijers et al., 2006a). In addition, archaea constituted a large percentage of component 
of marine plankton (Ouverney and Fuhrman, 2000), which was seen as one of the most 
abundant organism groups on Earth.  
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Fig. 1.1. The three-domain system based on 16s rRNA gene data, adapted from Woese 
et al. (1990). The Bacteria is colored in blue, the Archaea in red and the Eukarya in 
brown. 
1.2 Biogeochemical importance of microorganisms in the environment 
    Microorganisms play important roles in biogeochemical cycles, soil formation and 
fertility, and decomposition of organic matters (Azam et al., 1983; Gadd, 2010; 
Handelsman et al., 1998). Various metabolic activities of microorganisms guarantee 
them to catalyze most chemical reactions in natures (Handelsman et al., 1998). The 
effect of microorganisms on the ecosystem can be beneficial or harmful (Stouthamer 
and Luck, 1993). Soil microorganisms, even the pathogens, are significant regulators 
of plant diversity and plant community dynamics (Van Der Heijden et al., 2007).  
    The most significant effect of microorganisms on earth may be their ability to 
recycle carbon and nitrogen that make up all living life (Alongi, 1994; Altieri, 1999). 
Atmospheric nitrogen could not be used by most eukaryotes. However, nitrogen is 
necessary for plants and animals to create proteins and nucleic acids for their growth 
(Wetherell and Dougall, 1976). There are some microorganisms called nitrogen fixing 
bacteria that can convert atmospheric nitrogen to ammonia for the use of plants and 
animals (Bohlool et al., 1992; Fischer, 1994; Madigan, 1995). Some bacteria fix N2 in 
symbiotic associations with plants (Long, 1989). Other N-fixing bacteria are free-living 
ones present in soils and water (Vadakattu and Paterson, 2006). For example, symbiotic 
Nitrogen fixer Rhizobia which living in the nodules of legume helps legume to fix 
nitrogen for survive (Zahran, 1999). There are also a number of small groups that can 
contribute to ammonia oxidation in the environments, ammonia-oxidizing bacteria and 
ammonia-oxidizing archaea (Francis et al., 2005; He et al., 2007). In addition, some 
bacteria are primary producers, like cyanobacteria, they can perform oxygenic 
photosynthesis a variety of environments (Hamilton et al., 2016). 
Introduction 
 
4 
 
1.3 Tools to study microorganisms  
        There are various tools and techniques to study microorganisms in the 
environment. For measuring the size of microbial populations, the microscopic method 
could be used. It allowed microorganisms to be stained variously and counted directly 
(Babiuk and Paul, 1970; Schmidt and Paul, 1982). However, it took very long time and 
often met problems in distinguishing living cells from dead ones. Chloroform 
fumigation-incubation method (CFI) and the substrate-induced respiration method (SIR) 
are both rapid and objective methods for estimating the amount of living microbial 
biomass (Anderson and Domsch, 1978; Tateishi et al., 1989). However, they also have 
their limitations. For instance, CFI was confused by the difficulty in determining the 
contribution of non-microbial carbons to the fumigation (Horton et al., 1987).  SIR 
method may overestimate biomass because the use of glucose may hinder the 
metabolism of other microbes (Martens, 1995).  
        To study microorganisms, microbiologists also applied pure cultures in the 
laboratory. Research of microbial cultures have helped us understand their 
physiological and pathological properties (Janssen et al., 2002; Kaeberlein et al., 2002; 
Rappé et al., 2002; Zengler et al., 2002). However, it has been proven that over 95% of 
microbes are not culturable (Amann et al., 1995; Fenchel and Ramsing, 1992; Torsvik 
et al., 1990). Microbes grown in the laboratory might differ from their natural 
counterparts in crucial ways. Short period cultures in laboratory conditions might cause 
physiological adaptation and thus change the way of growth. Moreover, pure cultured 
microbes may lack the ecological interactions that may exist in natural communities. 
    At present, there are two main methods that can overcome the problem of culturing 
bias. One is ribosomal RNA sequencing approach, the other one is lipidomic approach. 
Sequencing based studies provide a direct view of occurring microbial communities by 
identifying their phylogeny and taxonomic diversity (Flynn et al., 2013; Griebler and 
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Lueders, 2009; Madsen, 2000; Zhou et al., 2012). It allows us to understand microbial 
gene expression and cell metabolism from communities in the nature regardless 
possibility to culture them in the laboratory (Barns et al., 2007; Chan et al., 2006). 
Nevertheless, they do not provide detailed information about their community structure 
and functional groups, e.g., the biomass of dominant archaea and bacteria (Green and 
Scow, 2000; Lipp and Hinrichs, 2009; Martino et al., 1998; Schippers et al., 2005). 
Lipid-based biochemical techniques can effectively compensate for the shortcomings 
of molecular markers. For example, phospholipid fatty acid (PLFA) was considered as 
a useful tool to evaluate total living biomass, physiological and functional diversities 
of entire bacterial communities (e.g., Green and Scow, 2000; Jia and Conrad, 2009; 
Rooney-Varga et al., 1999; Schwab et al., 2016). Another important membrane lipid 
method, glycerol dialkyl glycerol tetraethers (GDGTs), could be used to assess the 
archaea community in the environment (Schouten et al., 2002; Sinninghe Damsté et al., 
2002).  
1.3.1 Microbial membrane lipids – diversity in structures and functions 
    As the major component of membrane, membrane-building lipids are made up of 
a core lipid, generally a hydrophobic alkyl chain ester- or ether- linked to a glycerol 
backbone and a polar head group (Fig. 1.2). These membrane lipids compose a 
monolayer or bilayer cell envelope that acting as a permeability barrier to water and 
ions (Krishnamoorthy et al., 2016). They protect microbes from unpredictable hostile 
environment, allow selection of necessary nutrients outside of the cell wall and discard 
the waste from inside (Silhavy et al., 2010). 
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Fig. 1.2. Structure of cell membrane. The figure is based on a publicly available image, 
reproduced by Shadiac et al. (2013) and modified here. 
        Bacterial membrane lipids. Like eukaryotes, most bacterial membrane lipids are 
made up of two fatty acids esterified to glycerol (diacylglycerol) and a hydrophilic polar 
head group (Fig. 1.2, Epand and Epand, 2009). These diacylglycerols always consist of 
variable carbon number of chain length and unsaturation degrees (Epand and Epand, 
2010). Sometimes their chains also contain zero to two branched methyl groups and up 
to one cyclopropane ring (Cronan, 2003). Besides, acyletherglycerol and 
dietherglycerol are common among anaerobic and microaerophilic bacteria (Pearson, 
2014; Rethemeyer et al., 2010; Schubotz et al., 2009).  
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Fig. 1.3. Cell membrane lipids of three different domains (Bacteria, Archaea and 
Eukarya).  
    There are several phosphate head groups, phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), cardiolipin (CL), phosphatidylcholine (PC), 
phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylserine (PS) and 
lysophospholipids (lysoPL, Fig. 1.3). Bacteria can also produce phosphorus-free lipids 
such as diacylglycerylhydroxymethyltrimethyl-(N,N,N)-homoserine (DGTS),  
ornithine lipids (OL), monogalactosyldiacylglycerol (MGDG), 
digalactosyldiacylglycerol (DGDG) and sulfolipids (Geiger et al., 2010a; Geiger et al., 
2010b; Sohlenkamp and Geiger, 2016; Vences-Guzmán et al., 2012). Bacteria has a 
complex pathway to biosynthesis these two types of membrane lipids and both of them 
are metabolically connected (Fig. 1.4, Sohlenkamp et al., 2003).  
 
 
Fig. 1.4. Major metabolic pathways of membrane lipids in bacteria simplified from 
Sohlenkamp and Geiger (2016). Abbreviations: G3P-glycerol-3-phosphate; PA-
phosphatidic acid; DAG-diacylglycerol; CDP-DAG-cytidine diphosphate-
diacylglycerol; PS-phosphatidylserine; PE-phosphatidylethanolamine; MMPE- 
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phosphatidyl-(N)-methylethanolamine; DMPE- phosphatidyl-(N,N)-
dimethylethanolamine; PC-phosphatidylcholine; PG-phosphatidylglycerol; CL-
cardiolipin; LCL-lysyl-cardiolipin; PI-phosphatidylinositol; DGTS-diacylglyceryl-
N,N,N-trimethylhomoserine; Pmt and Pcs are enzymes been used for the formation of 
phosphatidylcholine. 
    The common precursor cytidine diphosphate-diacylglycerol (CDP-DAG) is first 
to be synthesized by glycerol-3-phosphate and then form the other membrane lipids 
(Fig. 1.4). For example, PE is a most common membrane lipid in bacteria. CDP-DAG 
first react with serine to form anionic lipid PS. PS is then decarboxylated to synthesize 
the zwitterionic lipid PE (DeChavigny et al., 1991). The formation of PC could be 
achieved in two pathways. One is Kennedy pathway in which bacteria use choline from 
their host to directly form PC (López-Lara and Geiger, 2001). The other way is N-
methylation pathway, PE is N-methylated three times to the final product PC (López-
Lara et al., 2003; Sohlenkamp et al., 2003). Functions of phospholipids in the 
environment are very different. Some of them play important role as bridge connecting 
bacteria with eukaryotes. For example, Sinorhizobium meliloti can form PC using 
choline obtained from an associated plant. Mutants lacking PC were unable to form 
nodules on their host and thus their host had with serious growth defects (López-
Lara et al., 2003). Some have a function of membrane structure, i.e., PC, PE and PG. 
Many soil bacteria restructure their membrane lipid composition in response to the 
stress from the environment (López-Lara et al., 2005). For instance, the 
phospholipids PC and PE can be replaced by phosphorus-free membrane lipids 
DGTS, GL and OL in response to the conditions of phosphorus limitation (Geiger et 
al., 2010a; Geiger et al., 2010b; Geske et al., 2013). With growth temperature 
increasing, bacterial membrane fluidity increases. Bacteria respond to increased 
temperature by increasing their fatty acid chain length or decreasing the degree of 
unsaturation in their membrane lipids (Zhang and Rock, 2008). Generally, plants have 
no odd number chain acyl species in their lipids (Pereyra et al., 2006; Wang et al., 
Introduction 
 
9 
 
2006). In cultured bacteria, gram-positive ones have abundant PG and PE, in which the 
acyl chains are mainly odd-numbered branched-chain fatty acids. Gram-negative ones 
contain PE with even-numbered straight chain and cyclopropane acyl chains 
(Romantsov et al., 2009).  
        Another type of bacterial membrane lipid is branched GDGTs (brGDGTs) which 
contain two C28 liner alkyl chains linked by the ether bond to glycerol and head groups 
(Sinninghe Damsté et al., 2000). Until now, only some Acidobacteria were identified 
as producers of brGDGTs (Sinninghe Damsté et al., 2011), but the ubiquitous 
occurrence of brGDGTs in soils/peats, lakes and marginal seas suggests that there are 
other unknown biological sources (Peterse et al., 2011; Sinninghe Damsté et al., 2011; 
Weijers et al., 2009). These monolayer lipids differ both in the number of branched 
methyl groups and cyclopententyl moieties in their alkyl chains (Sinninghe Damsté et 
al., 2000; Weijers et al., 2006b). Like the bacteria produce bilayer diacylglycerol, 
brGDGT-producing bacteria also change their structures in order to carry out the cell 
function properly when the environment changes (Weijers et al., 2007). For example, 
bacteria add the methyl groups on the alkyl chains to changing growth temperatures 
(De Jonge et al., 2014; Peterse et al., 2012; Weijers et al., 2007). They also change the 
number of cyclopentyl moieties or the position of branched methyl groups to adapt to 
the soil pH change (Ding et al., 2015; Weijers et al., 2007). 
    Archaeal membrane lipids. Different from the structure of brGDGTs produced by 
some specific bacteria, archaea synthesize monolayer membrane lipids, which contain 
two C40 isoprenoid chain carbon skeletons that are linked by an ether bound to glycerol 
and the head groups (Kate, 1993; Koga and Morii, 2005). Thus, they are called 
isoprenoid GDGTs (isoGDGTs). They are known to be synthesized by some 
methanogenic Euryarchaeota and Thaumarchaeota (Pitcher et al., 2010; Schouten et al., 
2012). Their carbon chains contain 0–3 cyclopentane moieties and crenarchaeol which, 
in addition to 4 cyclopentane moieties and an extra cyclohexane ring (Schouten et al., 
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2000). In addition, they also biosynthesize a trace amount of a regioisomer of 
crenarchaeol. According to the cultured study, hyperthermophilic archaea adjusted the 
number of cyclopentane moieties in their membrane lipids to adapt to the growth 
temperature (Gliozzi et al., 1983; Uda et al., 2001).      
    Over the past decade, their structural diversity, distribution, sources and the effect 
of environmental parameters are well studied in a wide range of nature, such as 
soils/peats, hot spring, lacustrine and marine suspended particulate matter (SPM) and 
sediments (Bechtel et al., 2010; Blaga et al., 2009; Kim et al., 2008; Loomis et al., 2011; 
Pitcher et al., 2011; Weber et al., 2015). The neutral fraction of archaea GDGT lipids 
which contain only core glycerol skeleton, is thought to be the fossilized remnants of 
the cellular material while their intact polar lipid (IPL) fraction with headgroup are 
thought to derived from living cells (Schouten et al., 2010). Upon cell lysis, the polar 
headgroups of most intact polar lipids are quickly degraded (Harvey et al., 1986; White 
et al., 1979), thus the presence of IPLs in an environment can be used as an indicator 
of active, living organisms (Lipp and Hinrichs, 2009; Lipp et al., 2008; Sturt et al., 
2004). The IPLs in marine subsurface sediment contain mostly glycol- instead of 
phospho-headgroups (Lipp et al., 2008). Phospho-IPLs have been shown to degrade 
rapidly upon death of the source organism (Harvey et al., 1986; White et al., 1979), 
whereas the degradation kinetics of the more stable glyco-IPLs remains to be 
constrained. Recently, a laboratory experiment of IPL degradation test indicated that 
the bacterial glycerol ester lipids were faster degraded than archaeal ethers, but there’s 
no relationship between the bonding type of the head group and the degradation rate 
(Logemann et al., 2011). The differences in chemical stability of IPLs play only a minor 
role during the degradation of IPLs, microbiological enzymatic processes are the 
driving force in IPL degradation.   
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1.3.2 Lipidomics based biomarkers 
        Microbial membrane lipids and their related fatty acids are useful biomarkers: 1) 
as they are major components of microbial living cells, their lipid profiles could provide 
insights into microbial communities since the certain lipids and their fatty acids differ 
among individual species; 2) their composition and structure respond well to the 
ambient environmental changes thus they could be used as tools for paleoclimate 
parameters reconstruction (Schouten et al., 2013; Zelles, 1997). For example, PLFAs 
16:1𝑤8 and 18:1𝑤8 can be used as markers for methanotrophic bacteria (Sundh et al., 
2000). The ratio of phospholipid PC to aminolipid DGTS could be used to evaluate the 
phosphorus condition (Geiger et al., 2010a). Crenarchaeol may be used a biomarker 
lipid for ammonium-oxidizing Thaumarchaeota (Pitcher et al., 2010). As mentioned 
above, intact polar lipids are potentially tracers for living bacteria and archaea due to a 
much shorter turn over timescale than their core lipid (Lipp et al., 2008; Schouten et al., 
2012). To some extent, archaea intact polar lipids could also be used as an indicator of 
marine deep subsurface sedimentary biomass since archaea dominant in this region 
(Lipp et al., 2008). 
    The TEX86 (TetraEther indeX of tetraethers consisting of 86 carbon atoms) proxy 
based on archaea membrane lipids isoGDGTs, shows an empirical correlation with past 
sea surface temperature (Schouten et al., 2007). The ratio of dominant brGDGTs and 
isoGDGTs which called BIT (the branched isoprenoid tetraether) is frequently used as 
a proxy of terrestrial organic matter (OM) input into lakes or sea (Hopmans et al., 2004). 
In addition, the methylation index of branched tetraethers (MBT) and cyclization ratio 
of branched tetraethers (CBT) based on bacterial membrane lipids brGDGTs can be 
used to infer mean annual air temperature (MAT) and soil pH (Peterse et al., 2012; 
Weijers et al., 2007). By analyzing global soils, Weijers et al. (2007) found that MBT 
was controlled by mean annual air temperature (MAT) and to less extent by soil pH, 
whereas CBT only related to soil pH. Such relationship was calibrated and improved 
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by the subsequent study of Peterse et al. (2012) who proposed a simplified format of 
MBT (called MBT’) based on seven quantifiable brGDGTs. However, comparing with 
other paleoclimate proxies like UK37 and δ18O, MBT-CBT index still exists very large 
scatter (> 5 °C, Schouten et al., 2013). The main factor to cause such a large calibration 
error is the co-elution of isomers. Thus, the improvement of the technics is needed. 
Ding et al. (2015) suggested the isomerization of 5-methyl to 6-methyl brGDGTs 
(named IBT) maybe another strategy for brGDGTs-producing bacteria to adapt their 
membrane fluidity to the ambient pH change.  
To summarize, microbial membrane lipids are becoming more and more important 
for biomarkers in the field of biogeochemistry and paleoclimate (Peterse et al., 2009; 
Pitcher et al., 2009; Powers et al., 2010; Sinninghe Damsté et al., 2008).  
1.4 Scope and Outline 
    This PhD thesis is connected to two projects. One is the Collaborative Research 
Centre AquaDiva (CRC 1076 AquaDiva) of the Friedrich Schiller Universität Jena. The 
other one is the Jena Experiment. Both of them are funded by the Deutsche the surface 
signal can be traced in the critical zone while the main objective of the Jena Experiment 
is to explore mechanisms underlying biodiversity and ecosystem functioning. Within 
the framework of both projects, this thesis focused on the information of the distribution 
and function of microbial communities in the research side by analyzing membrane 
lipids. The major goals are to improve the lipid-based markers for paleoclimate 
reconstruction and investigate the biological source and fate of microbial lipids in the 
critical zone as well as in surface soils. 
        This thesis is designed into two Parts: In Part I, I investigated the bacterial and 
archaeal GDGTs in different environments (soils, lake sediments and groundwater), 
evaluated their microbial community and environmental factors. Part II explores the 
full membrane lipidomics in the surface soils and their sources, potential use as 
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biomarkers. Part I has two first-authored manuscripts (both published) and Part II 
contains one first-authored manuscript (submitted). The main findings of this thesis are 
summarized behind. 
Part I: GDGTs in lake sediments, groundwater and potential recharge surface soils 
        In Chapter 2, I analyzed brGDGTs using 102 surface lake sediments from thirty-
seven Chinese lakes. By using improved chromatographic method, I found some novel 
isomers eluted after the previous known ones in Chinese lakes, which means previous 
identified 6-methyl brGDGTs were acctually many isomers co-eluted together. The 
complexity of the GDGT distribution and the relative abundance of the isomers resulted 
in large analytical uncertainties. Therefore, a seperation and identification of new 
isomers is needed to understand environmental influences on the new isomers as well 
as the previous known brGDGTs in the environment. I tentatively showed the structures 
of new isomers using an optimized HPLC gradient. Furthermore, I evaluated the 
environmental factors on these new brGDGT isomers.  
        In Chapter 3, I investigated the source and distribution of both core and intact polar 
bacterial and archaea GDGTs in groundwater. By comparing to the GDGTs in the soils 
of the potential recharge area, I showed that both bacterial and archaea GDGTs are 
mainly produced in situ in groundwater. Additionally, I showed that brGDGT-
producing bacteria might be more active and thus have higher regeneration rates than 
the isoGDGT-producing archaea in both soils and groundwater. This is the first time 
for GDGTs study in groundwater and I proposed their potential use for evaluating soil 
inputs into terrestrial subsurface. 
Part II: Full lipid profile and their affect environmental parameters in soils 
        In Chapter 4, I analyzed the full membrane lipid profile in the soils of a grassland. 
By comparing lipids from plant roots, fungi, Collembola and amoebae, I aim to first 
determine the source of these lipids in soils. In total, 380 membrane intact polar lipids 
from 16 major classes were identified in soils, much more than those found in plant 
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roots, fungi and Collembola. Then I evaluated the affect environmental parameters on 
the composition of these membrane lipids in soils. I showed plant diversity and block 
effect are the major factors for the change of lipid profile. This biomarker shows 
potential possibility to better understand soil microbial community by keeping their 
entire membrane lipid structures. In addition, the impact of plant diversity on the lipid 
spectrum in soils will reveal more detailed insights in the carbon cycling and carbon 
storage processes. 
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Fig. S1. Extracted ion chromatogram (m/z 1050) of fraction 1 (Fig. 1A) reran after 
fraction collection of Chinese lake sediments on HPLC/MS. 5-methyl brGDGT 
(IIIa5), 5/6-methyl brGDGT (IIIa5/6) and 6-methyl brGDGT (IIIa6) were found in this 
fraction.  
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Fig. S2. HPLC–APCI-MS chromatograms of brGDGTs of lake sediment BSTH-D4 
using the method presented in this study and the method reported by Hopmans et al. 
(2016), including base peak chromatogram (BPC), m/z 1050, m/z 1048 and m/z 1036 
extracted ion chromatograms. 
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Fig. S3. Average fractional abundance of brGDGTs in the 102 Chinese lake 
sediments studied; error bar reflects ±1 SD. 
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Fig. S4. Linear regression plot of the relative abundance of brGDGT-IIa7 versus 
sediment pH in the Chinese lake sediments. 
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Table S1. Coordinates and environmental parameters (sediment pH, mean annual air 
temperature and mean annual precipitation) of Chinese lake sediments collected for novel 
brGDGT isomers identification (102 samples from 37 lakes) and the relative abundance 
of brGDGT-IIa7 in all sediments.  
 
Name Lake Longitude Latitude 
Relative 
abundance of 
IIa7 sediment pH MAT MAP 
DH D1 Dai Lake 112°40'9" 40°34'52" 0.08  8.2  5.6 381 
DH D2 Dai Lake 112°40'42" 40°35'0" 0.09  8.5  5.6 381 
WLSH D1 Ulansuhai Nur 108°50'24" 40°54'41" n.d. 8.0  7.0 230 
WLSH D2 Ulansuhai Nur 108°49'16" 40°53'47" 0.05  8.1  7.0 230 
WLSH D3 Ulansuhai Nur 108°48'21" 40°51'53" n.d. 8.0  7.1 233 
WLSH D4 Ulansuhai Nur 108°49'53" 40°52'1" 0.06  7.9  7.1 233 
HLH D1 Hu-Lun Lake 117°32'58.6" 49°11'57" 0.05  8.1  -0.5 295 
HLH D2 Hu-Lun Lake 117°33'35.9" 49°13'15.6" 0.05  8.0  -0.6 295 
HLH D3 Hu-Lun Lake 117°34'25.6" 49°14'16.2" 0.07  8.0  -0.6 296 
HLH D4 Hu-Lun Lake 117°35'22.4" 49°15'25.1" 0.06  8.0  -0.6 296 
HLH D5 Hu-Lun Lake 117°36'2.3" 49°16'17.5" 0.09  8.2  -0.7 298 
HLH D7 Hu-Lun Lake 117°38'55.4" 49°17'4.2" 0.09  7.8  -0.7 299 
HLH D8 Hu-Lun Lake 117°38'4.2" 49°18'16.8" 0.08  7.8  -0.7 299 
LHH D1 Lianhuan Lake 124°10'14.3" 46°47'50" 0.03  7.9  4.0 415 
LHH D2 Lianhuan Lake 124°9'26.4" 46°47'16.1" 0.07  n.a. 4.0 415 
LHH D3 Lianhuan Lake 124°10'7.8" 46°46'30.9" 0.09  7.8  4.0 415 
LHH D4 Lianhuan Lake 124°9'20.3" 46°46'18.3" 0.07  7.8  4.0 415 
ZGH D1 Chagan Lake 124°15'18" 45°16'46" 0.05  7.9  5.1 431 
ZGH D2 Chagan Lake 124°17'2" 45°14'9" 0.06  n.a. 5.1 435 
ZGH D3 Chagan Lake 124°19'39" 45°13'9" 0.06  8.0  5.1 436 
SHH D1 Songhua Lake 126°43'14.2" 43°42'17" 0.02  7.0  4.2 690 
JPH D2 Jingpo Lake 128°59'18" 44°1'2" 0.01  n.a. 3.7 577 
JPH D3 Jingpo Lake 128°59'57" 44°0'10" 0.02  n.a. 3.7 576 
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SXKH D1 Small Xinkai Lake 132°30'2.5" 45°21'3.9" 0.02  7.4  4.2 577 
SXKH D2 Small Xinkai Lake 132°31'33.5" 45°20'52.0" 0.02  7.4  4.2 579 
BXKH D1 Big Xinkai Lake 132°8'49.3" 45°17'57.3" 0.05  7.6  4.4 563 
BXKH D2 Big Xinkai Lake 132°8'41" 45°17'8.6" n.d. 7.5  4.4 562 
BSTH D1 Bosten Lake 86°59'45" 41°56'9" 0.05  7.8  10.3 80 
BSTH D2 Bosten Lake 86°59'50" 41°57'27" 0.05  7.8  10.2 81 
BSTH D4 Bosten Lake 86°55'58" 41°59'14" 0.06  7.8  10.3 81 
BSTH D5 Bosten Lake 86°54'22" 41°59'10" 0.05  7.8  10.3 81 
BSTH D7 Bosten Lake 86°51'11" 41°55'11" 0.05  7.8  10.5 77 
WLGH D1 Ulungur Lake 87°29'45" 47°15'36" n.d. 8.0  5.8 132 
WLGH D2 Ulungur Lake 87°26'29" 47°17'29" 0.04  7.7  5.8 134 
TSTC D1 
Heaven Lake of Tian 
Shan 
88°7'40" 43°52'46" 
n.d. 7.5  
2.0 245 
QHH D1 Qinghai Lake 100°31'49" 36°36'36" 0.02  n.a. 1.1 335 
BYD D1 Baiyangdian Lake 115°56'25.3" 38°50'10.9" 0.08  8.3  12.8 487 
BYD D2 Baiyangdian Lake 115°54'55" 38°50'27" n.d. n.a. 12.8 495 
BYD D3 Baiyangdian Lake 116°00'22" 38°57'4" 0.04  7.3  12.8 495 
BYD D4 Baiyangdian Lake 116°00'44" 38°56'58" n.d. n.a. 12.8 495 
PYH D1 Poyang Lake 116°9'19" 29°42'10" 0.08  7.5  17.5 1474 
PYH D2 Poyang Lake 116°12'28" 29°45'6" 0.02  6.8  17.5 1470 
PYH D3 Poyang Lake 116°22'55" 29°3'42" 0.02  7.0  17.8 1433 
PYH D4 Poyang Lake 116°19'32" 29°5'53" 0.01  6.6  17.8 1425 
PYH D5 Poyang Lake 116°10'52" 29°13'38" 0.02  7.1  17.6 1506 
PYH D6 Poyang Lake 116°4'59" 29°19'8" 0.02  7.1  17.6 1617 
LH D1 Long lake 112°25'56" 30°59'19" 0.08  7.2  16.6 945 
LH D2 Long lake 112°24'18" 30°25'30" 0.05  7.2  16.6 1079 
LH D4 Long lake 112°21'38" 30°23'56" 0.05  7.3  16.6 1082 
HH D1 Hong Lake 113°24'39" 29°54'17" 0.04  n.a. 16.9 1257 
HH D2 Hong Lake 113°20'42" 29°50'25" 0.03  n.a. 17.0 1259 
DC D1 Dian Lake 102°40'33" 24°54'16" 0.06  7.4  15.9 993 
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DC D2 Dian Lake 102°39'47" 24°56'5" 0.03  7.1  15.8 993 
DC D5 Dian Lake 102°38'31" 24°58'55" 0.03  7.2  15.7 991 
EH D1 Erhai Lake 100°10'57" 25°47'21" 0.02  7.7  15.7 1033 
EH D3 Erhai Lake 100°11'12" 25°49'6" 0.04  7.5  15.7 1029 
EH D5 Erhai Lake 100°10'53" 25°51'16" 0.04  7.4  15.7 1025 
EH D7 Erhai Lake 100°10'12" 25°53'5" 0.04  7.5  15.7 1024 
HFH D1 Red Maple Lake 106°25'17" 26°32'49" 0.04  7.5  15.9 1208 
HFH D2 Red Maple Lake 106°24'45" 26°32'35" 0.03  7.1  15.8 1210 
YLH D1 Yilong Lake 102°31'33" 23°40'54" 0.04  7.3  19.6 1045 
TH D1 Tai Lake 120°0'22" 31°19'35" 0.04  7.5  15.7 1083 
TH D2 Tai Lake 120°1'47" 31°19'12" 0.05  7.6  15.7 1081 
TH D4 Tai Lake 120°4'50" 31°20'26" 0.05  7.8  15.7 1070 
TH D6 Tai Lake 120°10'52" 31°25'35" 0.04  7.6  15.6 1038 
TH D8 Tai Lake 120°11'32" 31°29'12" 0.05  7.7  15.6 1029 
TH D10 Tai Lake 120°14'59" 31°23'2" 0.05  7.4  15.6 1029 
XH D1 West Lake 120°8'23" 30°14'20" 0.05  7.5  16.8 1370 
XH D2 West Lake 120°8'21" 30°14'9" 0.05  7.5  16.8 1374 
LMH D1 Luoma Lake 118°13'10" 34°4'5" 0.03  7.9  14.6 739 
LMH D3 Luoma Lake 118°15'9" 34°4'16" 0.04  7.3  14.6 744 
LMH D4 Luoma Lake 118°14'59" 34°3'22" 0.05  7.2  14.6 745 
HZH D1 Hongze Lake 118°40'5" 33°22'36" 0.05  7.7  14.9 844 
HZH D2 Hongze Lake 118°38'25" 33°22'58" 0.05  7.7  14.9 839 
HZH D3 Hongze Lake 118°31'20" 33°16'22" 0.05  7.9  15.0 822 
HZH D4 Hongze Lake 118°28'24" 33°13'44" 0.05  7.8  15.1 818 
HZH D5 Hongze Lake 118°42'15" 33°12'50" 0.05  7.7  15.0 848 
HZH D6 Hongze Lake 118°44'34" 33°13'17" 0.05  7.7  15.0 839 
WBH D1 Wabu Lake 116°53'20" 32°23'44" 0.06  7.7  15.8 843 
WBH D4 Wabu Lake 116°53'47" 32°20'39" 0.04  7.4  15.8 853 
CH D1 Chao Lake 117°40'26" 31°34'59" 0.04  n.a. 16.2 1049 
CH D2 Chao Lake 117°36'40" 31°32'58" 0.04  7.2  16.3 1056 
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CH D3 Chao Lake 117°31'20" 31°31'15" 0.04  n.a. 16.3 1062 
CH D4 Chao Lake 117°22'18" 31°37'16" 0.04  7.3  16.3 1010 
XWH D1 Xuanwu Lake 118°47'28" 32°4'8" 0.04  7.3  15.6 998 
XWH D2 Xuanwu Lake 118°47'38" 32°3'54" 0.04  7.2  15.6 1001 
XWH D3 Xuanwu Lake 118°47'56" 32°4'4" 0.04  7.4  15.6 1002 
DTH D1 Dongting Lake 112°42'48" 28°47'52" 0.04  7.5  17.5 1335 
DTH D2 Dongting Lake 112°43'11" 28°46'50" 0.03  n.a. 17.5 1338 
LGH D1 Longgan Lake 116°3'23" 29°56'19" 0.03  7.5  17.3 1404 
LGH D2 Longgan Lake 116°3'41" 29°56'33" 0.03  7.5  17.1 1401 
LZH D1 Liangzi Lake 114°35'19" 30°18'4" 0.04  7.1  17.3 1318 
LZH D2 Liangzi Lake 114°33'8" 30°15'47" 0.04  7.1  17.3 1323 
DL D1 East Lake (Wuhan) 114°22'3" 30°32'47" n.d. n.a. n.a. n.a. 
DL D3 East Lake (Wuhan) 114°22'58" 30°33'34" n.d. n.a. n.a. n.a. 
ZYH D1 Zhaoyang Lake 116°56'55" 34°54'55" 0.03  7.6  14.5 724 
ZYH D2 Zhaoyang Lake 116°54'30" 34°54'23" 0.04  7.5  14.5 723 
WSH D1 Weishan Lake 117°11'30" 34°39'25" 0.04  7.6  14.6 753 
WSH D2 Weishan Lake 117°9'2" 34°43'59" n.d. 7.5  14.6  751  
DPH D1 Dongping Lake 116°12'41" 35°58'43" 0.05  7.5  14.0 615 
DPH D2 Dongping Lake 116°13'42" 35°58'44" 0.03  7.4  14.0 615 
DPH D4 Dongping Lake 116°14'22" 35°58'4" 0.04  7.2  14.0 618 
n.d. means not detected 
n.a. means not available 
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Supplementary Material 
 
 
 
 
 
 
Fig. S1. Box plots showing the summed absolute abundances of core and intact polar 
GDGTs in both surface soils and pristine aquifer SPMs. Soils were separated into three 
groups by different vegetation types (grassland, forest and cropland). Different letters 
above bars denote samples that were significantly different (P < 0.05). 
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Fig. S2. Pie charts showing relative abundances of all core and intact polar GDGTs in soils 
(left) and aquifers (right). 
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Nomenclature 
AEG acyl,alk(en)ylglycerol Core lipid 
CDP cytidine diphosphate  
DAG diacylglycerol Core lipid 
DEG dietherglycerol Core lipid 
DGDG diglycosyldiacylglycerol Head group 
DGTS diacylglycerylhydroxymethyltrimethyl-(N,N,N)-homoserine Head group 
DMPE phosphatidyl-(N,N)-dimethylethanolamine Head group 
DPG (cardiolipin) diphosphatidylglycerol Head group 
MGDG monoglycosyldiacylglycerol Head group 
MMPE phosphatidyl-(N)-methylethanolamine Head group 
OL ornithine lipid Head group 
PA phosphatidic acid Head group 
PC phosphatidylcholine Head group 
PE phosphatidylethanolamine Head group 
PG phosphatidylglycerol Head group 
PI phosphatidylinositol Head group 
PL phospholipid  
PS phosphatidylserine Head group 
Sph sphingolipid Core lipid 
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ABSTRACT 
Membrane lipids and their related acyl and/or alkyl moieties are important biomarkers for 
investigating the microbial community in environmental samples. Intact polar lipids, as 
major membrane components of microbes, allow to better understand soil living microbial 
composition by assessing their entire membrane lipid structures. Here we report on the 
profiling of more than 300 membrane-derived intact polar lipids in grassland soils differing 
in plant community and soil properties. In order to determine the origin of the soil lipid 
profiles we compared them to the intact polar lipids of plant roots, fungi, amoebae and 
Collembola. In addition, we investigated the impact of plant and soil related drivers on the 
composition of the soil lipid profiles. The soil lipid profiles were substantially more diverse 
and evenly distributed than the profiles of the soil-borne organisms studied. Moreover, the 
profiling analysis showed a substantial amount of odd-chain acyl species and low levels of 
unsaturation in intact polar lipids of soils. This suggests that the intact polar lipids in soil 
are primarily derived from bacteria, rather than plants, fungi or soil animals. The lipid 
composition was significantly affected by soil properties and plant diversity, emphasizing 
that the soil lipid profiles respond to abiotic and biotic environmental drivers. The plant 
diversity effect on the soil lipid profiles was mainly driven by changes in the N-methylation 
pathway of phosphatidylcholine in soil bacteria. This suggests that soil lipid profiles not 
only provide new insight into composition of microbial communities, but also can be used 
for assessing bacterial functioning in soils. 
 
1. Introduction 
    Soil microbial communities play an important role in biogeochemical cycles such as 
decomposition of organic matter, the regulation of soil fertility and soil carbon dynamics 
(Rillig and Mummey, 2006; Falkowski et al., 2008; Berg, 2009; Fierer et al., 2011; Schmidt 
et al., 2011). Therefore, the analysis of soil microbial community structure has become a 
subject of growing interest in recent years. As essential components of all living cells, 
membrane lipids and their associated fatty acids or fatty alcohols have diverse structures 
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and can be used as biomarkers to provide information on the composition of soil microbial 
community. 
Over the last decades, fatty acids derived from phospholipids (PLFA) were increasingly 
used as important markers to provide insights into the composition of microbial 
communities in soils (Frostegård et al., 1993; Zelles, 1997), since phospholipids are 
essential structural components of all microbial cellular membranes. PLFA analysis has 
many advantages. PLFA can be measured by GC/MS which offers a rapid and cost-
effective way to assess shifts in community composition, microbial biomass and activity 
(Frostegård et al., 2011), and to elucidate microbial strategies related to environmental 
stress (Zelles, 1999). On the other hand, there also are limitations to the PLFA method. 
First, the use of PLFA to indicate a particular taxonomic group is not always possible, 
because many PLFAs are not group or species specific (Frostegård et al., 2011). Second, 
although phospholipids are the primary component of total lipids in microbes, other 
phosphorus-free lipids such as glycolipids and aminolipids also contribute to the microbial 
membrane structures (Sohlenkamp and Geiger, 2016) and thus can constitute a significant 
fraction of the fatty acids extracted as PLFA. Those lipids may significantly bias the 
information assessed by PLFA analysis since they have distinct metabolic pathways and 
origins. Moreover, the PLFA approach selects for lipids produced by Eukarya and Bacteria 
since Archaea do not produce fatty acids and even among the Bacteria, production of ether-
bound lipids appears to be widespread among uncultivated soil and sediment bacteria (e.g., 
Weijers et al., 2006; Liu et al., 2010; Evans et al., 2017). By using HPLC/MS protocols, 
scientists can analyze intact polar membrane lipids (Rütters et al., 2002; Sturt et al., 2004). 
Intact polar membrane lipids offer a clear advantage to PLFAs since they are the major 
component of membrane structures of all living cells and can be taxonomically more 
specific than their nonpolar fatty acids (Sturt et al., 2004). This resides in their molecular 
structure (as the fatty acids or fatty alcohols are linked to the head groups) which offers 
higher source specificity and low molecular stability. Intact polar lipids are directly 
degraded after cell death, contrary to the fatty acids derived from PLFAs which can be 
preserved for several years (Schmidt et al., 2011). However, it is more difficult to define 
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the structures of fatty acids in intact polar lipids than to define them in direct analysis of 
fatty acids. 
Intact polar lipids typically consist of two fatty acids/alcohols linked by a glycerol 
moiety to a variable head group (Fig. 1, Sohlenkamp and Geiger, 2016). The shape of 
intact polar lipids depends on both its head group type and chain length, and on the degree 
of unsaturation of the two acyl/ether chains (Cronan, 2003). Based on different head groups, 
intact polar lipids can be separated into two groups. One group consists of phospholipids, 
including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidyl-(N)-
methylethanolamine (MMPE), phosphatidyl-(N,N)-dimethylethanolamine (DMPE), 
phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidic acid (PA), 
phosphatidylserine (PS), and others. The other includes phosphorus-free lipids comprising 
diacylglyceryl-(N,N,N)-trimethylhomoserine (DGTS), glycolipids (GL), sphingolipids 
(Sph), hopanoids (HOP), and others.  
In plants, intact polar lipids play essential roles in photosynthesis,  signal transfer, 
metabolism, plant growth, and response to external stresses (Welti et al., 2002; Welti 
and Wang, 2004). Intact polar lipids from microbes are in general similar to those of 
plants, but their composition, chain length and unsaturation of fatty acids/alcohols differ 
from that in plants. Based on head groups, microbial intact polar lipids can reflect 
microbial function, community composition, metabolic pathways, and environmental 
conditions (Benning et al., 1995; Russell et al., 1995; Zink et al., 2003; Schubotz et al., 
2009; Rossel et al., 2011). Besides the classification of different head groups of membrane 
lipids, the sum of two fatty acid/alcohol chains of individual species (here we called 
molecular species, in the form of total acyl carbon:total double bonds) could be used to 
determine their origins like PLFAs. Many soil microbes restructure their membrane lipid 
composition in response to stress (López-Lara et al., 2005). For instance, bacterial 
phospholipids PC and PE can be replaced by phosphorus-free membrane lipids DGTS, 
GL and OL in response to phosphorus limitation (Geiger et al., 2010a; Geiger et al., 
2010b; Geske et al., 2013). Microbes can respond to higher temperature by increasing 
their fatty acid chain length or decreasing the degree of unsaturation in their membrane 
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lipids (Zhang and Rock, 2008). Specific membrane lipid like PC have been found to be 
very important for direct plant-microbe interactions (López-Lara et al., 2003). Therefore, 
the information of intact polar lipid structures may provide a more detailed and holistic 
view of the microbial community structures in soils. 
Until now, most studies of microbial intact polar lipids were carried out on pure 
cultures (Sohlenkamp and Geiger, 2016). However, the composition of bacteria in 
cultures may greatly differ from that in soils, due to the differences in nutrient availability 
and in bacterial community composition. In addition, the culturable bacteria represent 
only a small fraction of the total bacterial communities in nature (Stewart, 2012). Studies 
characterizing intact polar membrane lipids in soils and determining their sources are 
lacking; therefore, the comprehensive use of those markers to study microbial community 
structures and their functions in soils is restricted to a few studies (Schubotz et al., 2009; 
Borin et al., 2010). 
    To fill this gap, we studied full intact polar lipid profiles of soils of different grassland 
communities and compared them to lipid profiles of different soil-borne organisms or 
compartments (amoebae, fungi, Collembola and plant roots). Our study was conducted 
in a semi-natural grassland experiment with plant communities differing mainly in 
diversity (Roscher et al., 2004; Weisser et al., 2017). Specifically, we evaluated i) the 
differences between the composition of soil intact polar lipids and soil-borne organisms 
and ii) effects of environmental parameters (i.e., plant diversity and soil properties) on 
soil intact polar lipid composition. 
 
2. Materials and Methods 
2.1. Study site and sampling 
Soil and root samples were taken at the Jena Experiment, a large grassland 
biodiversity experiment located in the Saale valley near Jena (east Thuringia, Germany, 
50°55′N, 11°35′E, 130 m above sea level). In 2002, the experiment was established with 
a total number of 81 grassland plots of 20 × 20 m (Roscher et al., 2004). The soil type 
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is Eutric Fluvisol and the soil texture changes from sandy loam to silty clay with 
increasing distance to the Saale river (FAO-Unesco, 1997; Fischer et al., 2014). Along 
with the soil texture, other soil properties, such as pH (7.1–8.4) and the soil contents of 
organic carbon (5–33 g C kg−1) and total nitrogen (1.0–2.7 g N kg−1) vary. The variations 
in the soil properties are considered in the design of the experiment (Roscher et al., 
2004). To account for the spatial variation of soil properties, the plots were arranged in 
four blocks. The established plant diversity gradient ranged from monocultures to 
communities with 60 species (1, 2, 4, 8 ,16 and 60). All 60 species in the plots are native 
in the Central European mesophilic grasslands. Further details about the classification 
of plant functional groups can be found in Roscher et al. (2004) and Weisser et al. (2017).  
In June 2016, three surface soil samples (0−10 cm) from each plot were collected, 
combined to reduce the spatial heterogeneity, and homogenized. The soil samples were 
sieved (2 mm mesh size). Fine roots (if present) were picked using steel tweezers and 
stored at −20 ℃. The root samples were taken separately from six plots with different 
combinations of four functional groups (grass, legume, tall herb, small herb; Table S1). 
The roots were washed, freeze-dried and frozen.  
 
2.2. Soil-borne reference organisms and their cultivation 
    All fungal strains used originate from Jena Microbial Resource Collection (JRMC), 
University of Jena and HKI, Germany. The saprotrophic fungi Schizophyllum commune 
FSU:3214xFSU:2896 and Mucor plumbeus JMRC:SF:013709 were cultivated in Petri 
dishes on solid complex yeast medium (CYM; Schwalb and Miles, 1967) and the 
mycorrhizal fungi Tricholoma vaccinum JMRC:FSU:4731 and Pisolithus tinctorius 
FSU:10019 on modified Melin Norkrans b (MMNb) medium (Kottke et al., 1987) at room 
temperature for 2 and 5 days for the fast growing M. plumbeus and S. commune and 2 and 
3 weeks for the slow growing P. tinctorius and T. vaccinum (Table S1). 
    The Collembola species Heteromurus nitidus (Templeton, 1835) and Folsomia candida 
Willem, 1902 were taken from laboratory cultures fed with baker’s yeast (Saccharomyces 
cerevisiae; Table S1). Laboratory cultures were maintained in glass jars filled with moist 
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potting soil at 15 °C in darkness and kept moist with distilled water. Before analysis, 
Collembola were starved for three days to empty their guts; subsequently they were frozen 
and stored in methanol. 
    Polysphondylium pallidum strain was from the Stallforth Lab at Leibniz Institute for 
Natural Product Research and Infection Biology in Jena (Germany). Amoebae were 
cultured (xenically) in the presence of the bacterium Klebsiella aerogenes as food. Briefly, 
amoebal spore suspension (from previously collected sori) was added to the surface of 
SM/5 agar plate seeded with 1 X 108 CFU/ml food bacterium K. aerogenes. Plates were 
incubated at 22°C for 7 to 10 days for mature fruiting bodies to appear. The entire cell mass 
of amoebal fruiting bodies was carefully collected using a sterile inoculation loop and 
suspended in KK2 buffer. This cell mass was washed clean of any attached bacteria using 
the same buffer. Resulting amoebal cells were then subjected to further analysis. 
    Before analyses, roots, fungi, Collembola and amoebae were frozen in liquid nitrogen. 
They were ground into fine powder and extracted using the same protocol as for the soil 
samples. 
 
2.3. Lipid analysis 
    The detailed procedure for lipid extraction and analysis is described by Wörmer et al. 
(2015). In short, soil surface samples (~6 g) from the plots of the Jena Experiment were 
sequentially ultrasonically extracted with three different solvent mixtures;  
dichloromethane:methanol:phosphate buffer (1:2:0.8, v:v:v, 8.7 g L-1 KH2PO4, pH 7.4), 
dichloromethane:methanol:trichloroacetic acid buffer (1:2:0.8, v:v:v, 50 g L-1 
CCl3COOH, pH 2) and methanol:dichloromethane (5:1, v:v). Each solvent mixture was 
used twice, and the supernatants were combined in a separatory funnel. An equal amount 
of dichloromethane and water was added to the pooled extracts. After separation of the 
two layers, the organic (lower) phase was collected. The organic fractions were 
concentrated to near dryness on a rotary evaporator followed by a gentle stream of 
nitrogen, then transferred to small vials and stored at −20 ℃. 
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The analysis of intact polar lipids was carried out on a Dionex Ultimate 3000RS ultra 
high-performance liquid chromatography (UHPLC) instrument connected to a Bruker 
maXis Ultra-High Resolution quadrupole time-of-flight tandem mass spectrometer (Q-
TOF) via an electrospray ion source (ESI). The total lipid extracts were dissolved in 
dichloromethane:methanol (9:1, v:v) and spiked with an internal standard 
(phosphatidylcholine, di21:0-PC). Intact polar lipid separation was achieved with an 
Acquity BEH Amide column (1.7 µm, 2.1 × 150 mm; Waters Corporation, Eschborn, 
Germany) at a constant flow rate of 0.4 mL min -1. The solvent gradient was 99% A 
(acetonitrile:dichloromethane, 75:25, with 0.01% formic acid and NH3, v:v:v:v) and 1% 
B (methanol:water, 50:50, with 0.4% formic acid and NH3) for 2.5 min, then the amount 
of B increased from 5% at 5 min to 25% at 22.5 min, and then to 40% B in 4 min. The 
column was flushed with 40% B for 1 min. Parameters for the ion source and MS were 
those described by Wörmer et al. (2013). Identification of intact polar lipids was 
performed via the molecular ions, fragment ions resulting from MS2 experiments in 
combination with general fragmentation rules for mass spectrometric analysis of intact 
polar lipids in positive ionization mode (Sturt et al., 2004), and relative retention times. 
Lipids were analyzed in the form of [M+H]+ and [M+NH4]
+ ions in the positive mode, 
while negative mode was also used to interpret the fatty acid side chains. Concentrations 
of intact polar lipids in each class were calculated by comparison with the internal 
standard (Wörmer et al., 2015). Response factors for each class of lipids were 
approximated by external calibration with standards: PC (di16:0), PE (di16:0), MMPE 
(di16:0), DMPE (di16:0), PG (di16:0), CL (tetra16:0), MGDG (di16:0), DGDG 
(16:0/18:0), DGTS (34:0) and glucosyl(ß)ceramide (18:0/d18:1). For the class of lipids 
with no standards available (e.g., ornithine lipids), a response factor from another class 
of amino lipid (DGTS) was used for calculation. Finally, concentrations of all the polar 
lipids are reported in ng g-1 dry weight soil after removing the soil moisture.  
2.4. Statistical analyses 
    For a simple description of the lipid profiles we compared the lipid richness per 
sample and the dominance structure [as reciprocal Simpson’s index (1/D) in the lipid 
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profile among groups (soil, roots, Collembola, fungi, amoebae)]. To test whether 
average values of richness and dominance structure among different groups were 
significantly different, we applied Kruskal-Wallis test followed by Mann-Whitney U 
tests to account for the unevenly distributed sample size among groups. For determining 
how the lipid composition varies among sample groups, we applied a principal 
component analysis (PCA). Furthermore, we evaluated the impact of environmental 
parameters and block effect on the intact polar lipid classes of the soil samples by 
applying redundancy analysis (RDA). Both PCA and RDA were performed with 
CANOCO 5. 
3. Results 
3.1. Distribution of intact polar lipid classes in soils     
In soils, over 300 membrane intact polar lipids of 16 major classes (based on head 
groups) were identified (Table 1, Figs. 2 and S1). These classes included phospholipids 
(PC, PE, MMPE, DMPE, PG, PI, CL and related single-chained classes lysoPC, lysoPE, 
lysoMMPE, lysoDMPE and lysoPG), aminolipids (DGTS and OL), and glycolipids 
(MGDG and DGDG). All phospholipid and glycolipid classes were found to contain 
core lipid diacylglycerols (DAG), while dietherglycerol (DEG) and sphingosine (Sph) 
were only found with the polar head groups PC (PC-DEG and PC-Sph, Fig. 2 and S1). 
Total intact polar lipid concentration in all soil samples varied between 5 and 187 
μg g−1 dry weight soil (dws). The most abundant intact polar lipid classes in all soil 
samples were PC with 28.3%, MGDG with 16.5% and PE with 14.0% of the total polar 
lipids (Table 1). Besides, OL, DGTS and PG were also abundant, accounting for 9.2%, 
6.8% and 6.2% of the total polar lipids, respectively. Minor intact polar lipid classes (< 
4%) included lysophospholipids (lysoPL), MMPE, DMPE, DGDG, DPG, PC-Sph and 
PC-DEG. The membrane lipid classes, DMPE, lysoDMPE, DPG, PC-Sph, PC-DEG and 
OL, were only found in soils and not in plant roots, fungi and Collembola. The relative 
distribution of most intact polar lipids in soils changed little between plots and blocks 
in the Jena Experiment (Table 1, Fig. 3). PG varied substantially between blocks (SD = 
3.8%), with a contribution of 10% in block 4 but only 3% in block 1.  
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Molecular species (defined in the introduction; Fig. 1) in each lipid class of the surface 
soils and other organisms are shown in Fig. 4 and S2-S3. In soils, among all phospholipid 
classes, PE comprised the smallest range of acyl species lengths with total numbers of 
carbon atoms varying between 30 to 34, while the other phospholipids PC, MMPE, DMPE 
and PG contained molecular species ranging from 31 to 38 (Fig. 4). 
 
3.2. Differences of lipid profiles between soil and soil-borne organisms 
    Total intact polar lipid concentrations in all the soil-borne organisms (plant roots, 
fungi, Collembola and ameobae) were two to four magnitudes higher than those in soils 
(Table 1). However, molecular species richness and abundance distribution was 
considerably higher in soils than in other organisms. Notably, lipid molecular species with 
odd number carbon chains were found only in soils (Fig. 2), accounting for 31% of total 
soil lipids. PC (35:1), PC (37:2) and PE (33:1) were the most abundant odd number carbon 
molecular species in soils, comprising 1.3%, 3.0% and 2.1% of the total lipid pool (Fig. 4).  
In this work, the carbon numbers refer to total acyl carbons and the “double bond number” 
refers to double bond equivalents, which could be double bonds or ring, such as 
cyclopropane rings. 
    In plant roots, around 140 types of membrane lipids were found and quantified. 
Different from lipids in soils, MGDG was the most dominant lipid class in root samples, 
accounting for 44.3% of the total polar lipids (Table 1, Fig. 2). Another type of 
glycolipid, DGDG comprised 5.9% of total polar lipids. Phospholipids PC, PE, PG, 
lysoPC and lysoPE accounted for a significant amount of the total membrane lipids in 
roots (> 5%, respectively). Fungi and Collembola in our study contained less than 100 
types of membrane lipids. Fungi consisted of large amounts of phospholipids PC, PE, 
lysoPC and lysoPE (in total >80%), while Collembola and amoebae had only three 
different types of membrane lipids that were PC, PE and lysoPC.  
        In the fraction of phospholipid classes (Fig. 4), the major molecular species of PC of 
soils was 36:2 (18:1/18:1, Table 2), representing 17% of the total PC. The molecular 
species of all other phospholipids were randomly distributed in soils. Plant roots, fungi and 
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Collembola generally comprised phospholipids with 34 and 36 carbon atoms and 2 to 6 
double bonds, whereas phospholipids of soils contained 0 to 2 double bonds and molecular 
species with one or two double bonds were most abundant. In the fraction of 
lysophospholipid classes (Fig. S2), lysophospholipids of soils possessed mostly 15 to 19 
carbon acyl species without double bonds. The molecular species patterns of lysoPC and 
lysoPE were similar, while lysoMMPE only contained long chain fatty acids (number of 
carbons 18 to 21). Plant roots and fungi contained considerable amounts of 18:1 and 18:2 
polar lipids. In addition, 20:1 to 20:3 were exclusively present in plants. In the fraction of 
non-phosphorus lipid classes (Fig. S3), double bonds of molecular species in soils also 
varied between 0 to 2 except for DGDG. DGDG of soils mainly consisted of 32, 34 and 
36 carbon species with unsaturation from 0 up to 6. Plant roots contained large amounts 
of MGDG (34:2) and MGDG (36:2 to 36:6). In soils, the dominant species of 
aminolipids DGTS and OL were 34:1 and 39:1, respectively. Fungi comprised 
substantial amounts of DGTS (34:2), DGTS (36:2) and DGTS (38:2).  
    Principal component analysis (PCA) indicated significant differences in the relative 
abundances of all the membrane intact polar lipid classes of soils and other soil-borne 
organisms. The first principal component (PC1) explained 60.0% of the variance of all the 
lipid classes and the second principal component (PC2) explained 18.5% (Fig. 3). 
Phospholipids PC, PE, lysoPC and lysoPE were related to each other along the positive 
direction of the first principle component, whereas all the other lipids were shown in the 
negative direction. Glycolipids MGDG, DGDG and phospholipids PE, PG, lysoPC and 
lysoPE correlated positively with the second principal component. When considering 
sample distribution, the soil group differed clearly from all the soil-borne organisms. 
3.3. Effects of environmental parameters on soil lipid profiles 
    Redundancy Analysis (RDA) revealed significant effects of abiotic and biotic 
parameters on the composition of soil intact polar lipids. The abiotic soil parameters 
(tested as block, see Materials and Methods) explained 17.5% (P = 0.002), while plant 
diversity (tested as plant species richness) explained 5.0% (P = 0.006) of the variation 
in the composition of intact polar lipids (Fig. 5). Block correlated positively with PG 
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groups (PG, lysoPG and CL) and glycolipid MGDG. Plant diversity had a positive effect 
on MMPE, DMPE and MGDG, but a negative effect on the composition of PC and PE.  
4. Discussion 
4.1. Bacteria as major sources of intact polar lipids in soils  
The distribution of lipid classes in soils differed clearly from all the soil-borne 
organisms (plant roots, fungi, Collembola and amoebae) tested in this study, suggesting 
intact polar lipids in soils originate from different sources. Intact polar lipids were much 
more diverse in soils than in plant roots, fungi, Collembola and amoebae. Furthermore, 
the concentrations of lipid molecular species in soils were more evenly distributed than 
those in the studied organisms. The dominant lipid classes found in soils were PC, PE, 
PG, DGTS and MGDG. PE, PG and cardiolipin are the major structural constituents of 
most bacterial membranes (Gill, 1975; Raetz and Dowhan, 1990). In addition, there is a 
large diversity of membrane lipids in bacteria (López-Lara et al., 2003; Sohlenkamp et 
al., 2003). DGTS occurs in lower plants, algae, bryophytes, fungi as well as in 
photosynthetic bacteria (Eichenberger, 1993; Benning et al., 1995; Cañavate et al., 2016). 
Phosphatidylcholine (PC) is one of the key components of eukaryotic membranes but 
may also occur in ca. 15% in all bacterial species (Sohlenkamp et al., 2003). However, 
the high amount of PC (28.3%) and the small amount of PG (6.2%) in our soil samples 
likely reflect eukaryotic rather than bacterial origin. However, to our knowledge, most 
studies of bacterial membrane polar lipids are carried out in cultured conditions but not 
in natural environments which may lead to a bias view on lipid distribution in 
microorganisms. Higher abundance of PC than PG produced by bacteria was also 
reported from permafrost soils in Svalbard (Rethemeyer et al., 2010), suggesting that 
bacteria adjust the membrane lipid composition of their community in different 
environments (Zhang and Rock, 2008). Therefore, the majority of lipids found in the 
studied soils presumably originated from soil microbes. 
Plants commonly synthesize intact polar lipids containing molecular species with 
even carbon numbers, particularly 16 and 18 (Devaiah et al., 2006). These molecular 
species of lipids are non-randomly distributed and contain high degrees of unsaturation, 
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typically up to three double bonds per chain, with 2-3 the most common in 18C plant 
lipids (Welti et al., 2002; Welti and Wang, 2004). This trend was also seen in our plant 
root samples. In contrast, bacteria synthesize high quantities of intact polar lipid acyl 
chains with both even and odd carbon numbers, from 14 to 20, typically with zero to 
one double bond (Shaw, 1974; Řezanka and Sigler, 2009). In our soil samples, lipid 
species with odd carbon numbers accounted for 31% of total, similar to the amount of 
odd carbon chain PLFA measured in cultured bacteria (Zelles, 1997). From the well-
studied membrane lipid group of PLFAs it is known that odd carbon chain were 
primarily found in bacteria rather than in fungi and plants (Zelles, 1997). Here the large 
proportion of phospholipid odd number molecular species with low unsaturation (0 to 2 
per phospholipid, or 0 to 1 per fatty acid) in soils indicates bacterial rather than plant 
and fungal origin. The PLFA linoleic acid (18:2𝑤6) has been considered as reliable 
indicator for fungal biomass (Frostegård et al., 2011). In agreement with a major 
bacterial origin of the intact lipids in soils, both PC (36:4) and PE (36:4) were the most 
abundant molecular species in our fungi samples, although we could not identify the 
position of double bonds in acyl species, but they were not detected in soils. In addition, 
the degree of structural variability of lysophospholipids in our soil samples surpassed 
that in plant roots, fungi and Collembola. In the soil samples acyl carbon number ranged 
from 13 to 20 and had less than two double bonds per acyl chain, further confirming 
bacteria as major sources of intact polar lipids in soils.  
Commonly, higher plants are characterized by a high proportion of glycolipids, 
MGDG (monogalactosyldiacylglycerol) and DGDG (digalactosyldiacylglycerol), with 34 
to 36 acyl chains and 6 double bonds (Wang et al., 2006). A similar pattern was found 
in our plant root samples. Soils contained trace amounts of highly unsaturated DGDG 
molecular species, suggesting small contributions of plant-derived lipids to soils, maybe 
due to root residues. However, MGDG in soils contained no more than one double bond, 
suggesting they consist a headgroup of glucose instead of galactose and they are 
probably coming from bacteria  (Hölzl and Dörmann, 2007). In fact, the photosynthetic 
bacteria Rhodobacterales, Rhodospirillales, Rhizobiales and non-photosynthetic 
Manuscripts 
 
66 
 
bacteria Firmicutes can synthesize such types of MGDG (Hölzl and Dörmann, 2007), 
suggesting they form the source of these glycolipids. Supporting bacterial origin of those 
lipids, a substantial abundance of OL, which has been linked with aerobic phototrophic 
bacteria, e.g., Rhodobacterales, was also found in soils (Aygun‐Sunar et al., 2006; 
Zhang et al., 2009). 
4.2. Impacts of environmental parameters on the composition of intact polar lipids in 
soils 
   Significant differences of intact polar lipid composition were found between blocks, 
representing different soil properties, suggesting that soil texture is a major driver 
regulating bacterial lipid distributions in soil. Microbial community composition has 
been shown to be influenced by soil properties in several studies (Sessitsch et al., 2001; 
de Vries et al., 2012; Dassen et al., 2017).  In addition, high diversity of plant 
communities increased the production of the intermediates (MMPE and DMPE) in the 
N-methylation pathway but decreased the amount of two end products, PC and PE. This 
suggests that plant diversity affects the N-methylation pathway of phosphatidylcholine in 
soil bacteria. There are two metabolic pathways to biosynthesize PC, the CDP-choline 
pathway and the phospholipid N-methylation pathway (Kent, 1995; Sohlenkamp and 
Geiger, 2016). The N-methylation pathway is the primary route for PC formation in 
bacteria, yeast and other fungi (Kodaki and Yamashita, 1987; López-Lara and Geiger, 
2001). Some specific bacteria could produce PC using the choline obtained from their 
association with eukaryotes/plants using the CDP-choline pathway, e.g., Sinorhizobium 
meliloti and Agrobacterium tumefaciens (Sohlenkamp et al., 2003). In the N-methylation 
pathway, PE is methylated three consecutive times via intermediate products as MMPE 
and DMPE to PC by the N-methyltransferase enzyme. This N-methylation pathway for 
PC synthesis, as indicated by levels of MMPE and DMPE, was found to be mediated by 
plant diversity in our experiment. The N-methylation pathway is found in pathogens, 
e.g., Agrobacterium tumefaciens and Legionella pneumophila (Conover et al., 2008; 
Moser et al., 2014) as well as in some nitrogen-fixing bacteria, e.g., Sinorhizobium 
melilotii, Bradyrhizobium japonicum and Rhodobacter sphaeroides (Arondel et al., 
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1993; de Rudder et al., 1997; De Rudder et al., 2000). Eisenhauer et al. (2012) found 
species-rich plant communities to have higher levels of nitrogen availability and less 
pathogen pressure than species-poor ones, because there were more heterogeneous and 
diverse soil microbial communities. The negative correlation between PC and plant 
diversity may indicate less pathogen pressure and higher facilitative effects (e.g., 
nitrogen fixation) of soil microbes in response to the higher plant diversity. As MGDG 
was found to positively correlate with plant species richness, plant diversity may also 
enhance the community of photosynthetic bacteria.  
5. Conclusion 
    We provide a comprehensive intact polar lipid profiling with over 300 glycerolipid 
species in grassland soils. The comparison of these soil lipid profiles with various soil -
borne organisms strongly suggests that these lipids mainly originate from bacteria. Many 
soil bacteria are difficult to culture and additionally bacteria adjust their membrane lipid 
compositions as a function of the environment. Therefore, their communities and 
compositions are more complex in natural environments than in cultures. Our data 
emphasize the importance of environmental parameters on the composition of soil 
microbial membrane lipids, potentially affecting microbial metabolic pathways and 
functions. Compared to PLFA analysis, profiling of polar lipids provides more 
information on the function of different lipid classes with head groups. The 
determination of intact polar lipids from soils thus offers the possibility to better 
understand the structure and functioning of soil microbial communities by studying their 
intact membrane lipid structures. As the function of these lipids still is little understood, 
more data are needed on the intact polar lipid composition of microorganisms, in 
particular bacteria, in soils.  
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Figure and Table captions 
Fig. 1. Chemical structures of intact polar lipids modified from Wörmer et al. (2015), 
including head groups (left) and core lipids with glycerol backbone (right). Dashed lines 
mean position and number of carbons can change. Molecular species are the sum of two 
carbon chains. Lyso phospholipid only contain one carbon chain. Abbreviations: DAG, 
diacylglycerol; DEG, dietherglycerol; AEG, acyletherglycerol; DGTS, 
diacylglycerylhydroxymethyltrimethyl-(N,N,N)-homoserine; OL, ornithine lipid; DPG, 
diphosphatidylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, 
phosphatidylglycerol; PI, phosphatidylinositol; MMPE, phosphatidyl-(N)-
methylethanolamine; DMPE, phosphatidyl-(N,N)-dimethylethanolamine; Sph, 
sphingolipid; MGDG, monoglycosyldiacylglycerol; DGDG, diglycosyldiacylglycerol; OH, 
monohydroxy; Me, methylated.     
Fig. 2. Richness of lipid compounds, lipid abundance distribution and carbon number of 
molecular species in soils (n = 76), plant roots (n = 6), fungi (n = 11), Collembola (n = 6) 
and amoebae (n = 1). The data averaged among different species/samples and the n 
represents species/samples used for the lipid measurement and data analysis.  
Fig. 3. Unconstrained PCA based on the fractional abundances of intact polar lipid classes 
of the soils (n = 76), plant roots (n = 6), fungi (n = 11), Collembola (n = 6) and amoebae 
(n = 1). 
Fig. 4. Molecular species of phopholipid classes (weight% of total intact polar lipids 
analyzed) in the soils (n = 76), plant roots (n = 6), fungi (n = 11) and Collembola (n = 6). 
The data averaged among different species/samples and the n represents species/samples 
used for the lipid measurement and data analysis. Values are means ± SD. Individual 
molecular species in each lipid class was shown in the type of total acyl carbons:total 
double bonds (Fahy et al., 2009). Only the most abundant molecular species are shown 
here. 
Fig. 5. Redundancy analysis of plant species richness and block effect on the composition 
of intact polar lipids in soils. Abbreviation: PSR-plant species richness, Block-Block effect. 
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Table 1 
Concentration of total polar lipids and relative abundance of intact polar lipid classes in 
surface soils, plant roots, fungi, Collembola and amoebae 
        Soils Plant roots Fungi Collembola Amoebae 
Total polar lipids 
g g-1 dws         mg g-1              mg g-1                   mg g-1                            mg g-1 
 n = 76 n = 6 n = 11 n = 6 n = 1 
Lipid amount (means ± SD) 43.3 ± 31.9 65.7 ± 44.6 13.9 ± 6.6 1.6 ± 0.9 609.8 
Relative abundance of lipid class (%)          
PC 28.3 ± 3.0 12.3 ± 2.7 23.5 ± 7.1 39.2 ± 12.4 26.6 
PE 14.0 ± 1.7 11.7 ± 3.1 39.3 ± 3.9 54.1 ± 14.5 31.2 
PG 6.2 ± 3.8 7.1 ± 6.6 0.9 ± 2.6 n.d. 12.2 
PI 4.0 ± 1.0 1.0 ± 0.5 1.2 ± 1.0 n.d. 2.0 
MMPE 3.7 ± 0.5 0.2 ± 0.2 1.2 ± 1.6 n.d. 2.3 
DMPE 0.5 ± 0.1 n.d. n.d. n.d. n.d. 
MGDG 16.5 ± 3.4 44.3 ± 13.0 n.d. n.d. n.d. 
DGDG 0.8 ± 0.3 5.9 ± 3.0 n.d. n.d. n.d. 
DGTS 6.8 ± 1.2 3.2 ± 1.5 8.6 ± 9.4 n.d. n.d. 
OL 9.2 ± 3.4 n.d. n.d. n.d. n.d. 
LysoPC 3.8 ± 1.1 7.2 ± 1.6 11.8 ± 5.6 6.7 ± 3.1 15.6 
LysoPE 2.6 ± 0.8 6.8 ± 1.4 13.4 ± 5.4 n.d.         10.0 
LysoPG 0.2 ± 0.1 0.2 ± 0.1 n.d. n.d. n.d. 
LysoMMPE 1.0 ± 0.4 0.1 ± 0.1 0.1 ± 0.2 n.d. n.d. 
Others 2.5 ± 1.5 n.d. n.d. n.d. n.d. 
n.d., not detected. 
, the major properties of the lipid distribution are probably valid (Korn and Wright, 
1973; Allen et al., 1974). 
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Table 2 
Lipid molecular species (total numbers 
of carbons:total double bonds) 
Two acyl chains 
PC (32:1) n.d. 
PC (33:1) 15:0/18:1 
PC (33:2) 15:1/18:1 
PC (34:0) 17:0/17:0 > 16:0/18:0 
PC (34:1) n.d. 
PC (34:2) 16:1/18:1 
PC (35:1) 16:1/19:0 
PC (35:2) 16:1/19:1 
PC (36:1) 18:0/18:1 
PC (36:2) 18:1/18:1   
PC (37:2) 18:1/19:1 
PC (38:2) n.d. 
PE (30:0) 15:0/15:0 + 14:0/16:0  
PE (30:1) 15:1/15:0 + 14:0/16:1  
PE (31:1) 15:0/16:1 
PE (32:0) 16:0/16:0 > 15:0/17:0  
PE (32:1) 16:1/16:0 > 15:0/17:1  
PE (32:2) 16:1/16:1 
PE (33:0) 16:0/17:0 > 15:0/18:0  
PE (33:1) 16:0/17:1 > 16:1/17:1  
PE (33:2) 16:1/17:1 > 15:1/18:1  
PE (34:0) 17:0/17:0 > 16:0/18:0  
PE (34:1) 17:1/17:0 > 16:1/18:0  
PE (34:2) 16:1/18:1 > 17:1/17:1  
MMPE (31:1) 15:0/16:1 > 14:0/17:1  
MMPE (32:1) 16:1/16:0 
MMPE (32:2) 16:1/16:1 
MMPE (33:1) 16:0/17:1 > 16:1/17:0  
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MMPE (33:2) 16:1/17:1 > 15:1/18:1 
MMPE (34:1)             16:1/18:0 > 17:0/17:1 
MMPE (34:2) 16:1/18:1 > 17:1/17:1  
MMPE (35:1) 16:1/19:0 > 17:1/18:0  
MMPE (35:2) 16:1/19:1 > 17:1/18:1  
MMPE (36:2) 18:1/18:1 
MMPE (37:2) 18:1/19:1 
MMPE (38:2) n.d. 
 
The acyl groups of the phospholipid classes PC, PE and MMPE from soil samples were 
identified as acyl anions from their negative ion precursors. The less-than and greater-than 
characters indicated there were two possible combinations of acyl species in the specific lipid and 
their intensities were not equal. 
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Characterization of intact polar lipids in soils for assessing their origin 
 
Supplementary Materials 
Table S1. List of investigated organisms 
Organisms classification number of replicates sample site 
Polysphodylium pallidum Amoebae 1 - 
Folsomia candida Collembola 3 - 
Heteromurus nitidus Collembola 3 - 
Schizophyllum commune Fungi 3 - 
Tricholoma vaccinum Fungi 3 - 
Pisolithus tinctorius Fungi 3 - 
Mucor plumbeus Fungi 2 - 
mixed small herbs Plant root 1 RB4A06 
mixed grass Plant root 1 RB3A09 
mixed tall herbs Plant root 1 RB1A11 
mixed roots of all Plant root 1 RB3A14 
mixed roots of all Plant root 1 RB1A22 
mixed legume Plant root                   1 RB1A12 
Details of plant taxonomic information could be found in Roscher et al. (2004). 
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Fig. S1. Density map plot showing whole range of intact polar lipids detected in a soil 
sample (B1A21) of the Jena Experiment.  
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Fig. S2. Molecular species of lysophospholipid classes (weight% of total intact polar 
lipids analyzed) in the soils (n = 76), plant roots (n = 6), fungi (n = 11) and Collembola (n 
= 6). The data averaged among different species/samples and the n represents 
species/samples used for the lipid measurement and data analysis. Values are means ± SD. 
Individual molecular species in each lipid class was shown in the type of total acyl 
carbons:total double bonds. Only the most abundant molecular species are shown here.  
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Fig. S3. Molecular species of glycolipid and aminolipid classes (weight% of total intact 
polar lipids analyzed) in the soils (n = 76), plant roots (n = 6), fungi (n = 11). These lipids 
were not detected in Collembola. The data averaged among different species/samples and 
the n represents species/samples used for the lipid measurement and data analysis. Values 
are means ± SD. Individual molecular species in each lipid class was shown in the type 
of total acyl carbons:total double bonds. Only the most abundant molecular species are 
shown here. 
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5. Discussion and outlook 
 
    At the current stage, the advancing analytical technology of lipidomics has greatly driven 
the field of biogeochemistry and ecology. It is not only useful for studying microbial signal 
processing, but also meaningful for understanding climate changes, carbon sources and 
organism interactions.  
Constraining the uncertainties of brGDGT derived proxies 
    The relative distribution of brGDGT membrane lipids in soils can be used to reconstruct 
mean annual air temperature and soil pH in paleoclimate studies (Weijers et al., 2007). A 
series of new found isomers of brGDGTs were identified by a modified HPLC separation 
combined with fraction collection and ether cleavage (Chapter 2). Newly found isomers 
showed high correlation with sediment pH. This finding may give important implications 
about the hypothesis of the proxy established on brGDGTs. When pH in the outer 
membrane changed, which mechanism brGDGT producers choosed to adjust their 
membrane fluidity to the environmetal changes? The number of cyclization or the position 
of branched methyl groups? CBT index based on cyclization of brGDGTs should be 
retested because of newly discovered pentamethylated brGDGTs overlaped with the ones 
been used for the index. Therefore, our study provide new insights to these membrane 
lipids and further study is still needed to learn the mechanisms brGDGT producers applied. 
Sources and fate of intact polar and core GDGTs in groundwater 
In terrestrial subsurface, the response of groundwater to climate changes is of increasing 
concern. In particular, understanding microbial community sources is fundamental to 
illuminate the role of microorganisms in carbon cycle and to preserve groundwater 
(Schwab et al., 2016). In deep critical zone, there are limited carbon and energy sources 
could support heterotrophic, autotrophic, or methanotrophic microorganisms (Griebler and 
Lueders, 2009). Thus, the mechanisms underlying microorganisms survive in such extreme 
environment and the role they act in the carbon cycle are not fully understood, especially 
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for pristine groundwater (Akob and Küsel, 2011; Jørgensen and Marshall, 2016). In 
groundwater, organic carbon is a complex and heterogeneous mixture, and its age may 
reflect the different stage of potential carbon sources for the organisms involved (Nowak 
et al., 2017; Schwab et al., 2017). Heterotrophs may use modern organic carbon from 
surface soils, or fossil organic carbon from sedimentary rocks (Biddle et al., 2006). Carbon 
sources for chemolithoautotrophic microorganisms that may serve also as terminal electron 
acceptor for dissimilatory CO2-reducing microorganisms such as methanogens and 
acetogens (Hug et al., 2015; Smith et al., 2012; Zinger et al., 2012). The biomarker lipids 
from these microorganisms may thus reflect their carbon sources and the metabolic 
pathway (e.g., heterotrophy, autotrophy, methanotrophy).  
Groundwater ecosystems possess complex habitats for diverse microbial commnunities 
(Bethke et al., 2008; Griebler and Lueders, 2009). Can we track the biological signal of 
surface conditions downward in groundwater? How these signals affect the diversity and 
function of the subsurface residence? This is the first time lipid biomarker GDGTs was 
applied in terrestrial subsurface (Chapter 3). Both living and dead bacterial and archaea 
GDGT producers could help understand this extreme environment. For them, a slight 
environmental fluctuation such as the runoff from the surface soils is more likely to be an 
‘extreme’ challenge. Thus, GDGTs are ideal tools for tracing sources and signal 
transportation.  
Composition of intact polar membrane lipids in soils and their environmental factors 
        Plant diversity is a significant driver of soil organic matter dynamics (Prober et al., 
2015). Soil microbial communities have been shown to regulate several plant-soil 
interactions, such as soil carbon cycling, decomposition and storage (Schimel and 
Schaeffer, 2012). In recent studies the positive effect of plant diversity on soil organic 
carbon storage has been reported (Lange et al., 2015), however, the mechanisms of how 
plant diversity influence soil microbial distribution and function are still largely unknown. 
Hence the lipid markers may offer great information about microbial taxonomic specificity 
in soils, how microorganisms distribute, behave and interact with plants.  
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Nearly all intact polar membrane lipid anlysis of microbial commnunities were carried 
out in cultures in the laboratory (Geiger et al., 2013; Sohlenkamp and Geiger, 2016). In the 
real environments, for example in soils, scientists assessed microbial commnunity by 
analyzing phospholipid fatty acids (Frostegård et al., 1993; Zelles, 1997). Changes in the 
community structures then were interpreted based on the database of pure cultures (Zelles, 
1999). There’s a gap between cultured lipids and lipids in natures. Are their composition 
belong to a single species still similar? Is there specific membrane lipid marker for unique 
commnuity? How they distributed in surface soils and what are their sources? For these 
reasons, we provided a full lipid distribution in soils. The odd number chain length of acyl 
species and low saturation of soil membrane lipids suggested they were mainly derived 
from bacteria (Zelles, 1997, 1999). To be noticed, plant diversity affected the methylation 
biosynthesis pathway for PC formation in soil bacteria. This pathway could only be found 
in some pathogens and nitrogen fixing bacteria (López-Lara et al., 2003; Martínez-Morales 
et al., 2003; Sohlenkamp et al., 2003). Does plant diversity control the production of 
nitrogen fixing bacteria? For this, we measured 16s rRNA gene in the same soil samples 
and evaluted the correlation of plant diversity and microbial commnunities. Meanwhile we 
also calculated the relationship between 𝛿15N isotopic signal and the relative abundance 
of nitrogen fixers (Fig. 7.1).  
 
Fig. 7.1. Linear correlation of (left) Plant diversity, (right) 𝛿15N isotope with relative 
abundance of Rhodobacter and membrane lipid DMPE. 
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Both plant diversity and 𝛿15N isotope showed significant correlation with a pivotal 
organism – Rhodobacter. In addition, membrane lipid DMPE showed similar trend as 
Rhodobacter community, suggesting these lipids were mainly produced by them. Many 
nitrogen-fixing fixers work only in anaerobic conditions because the nitrogenase enzyme 
is highly sensitive to oxygen (Kahindi et al., 1997; Zahran, 1999). In the symbiotic 
nitrogen-fixers such as Rhizobium, the root nodules contain oxygen-preventing molecules 
such as leghaemoglobin, which allows Rhizobium to fix nitrogen in the oxic conditions 
(Fischer, 1994; Gage, 2004; Salvagiotti et al., 2008). While Rhodobacter has an intricate 
system for sensing O2 tensions, called chromatophores. The photosynthetic and nitrogen 
fixation work are housed in these invaginations (Madigan and Jung, 2009; Masepohl et al., 
2005; Tai et al., 1986). It is generally believed that associated nitrogen fixing rates are 
greater than free-living ones in ecosystems (Vadakattu and Paterson, 2006; Zhan and Sun, 
2012). However, we couldn’t find any correlation between 𝛿 15N isotope and 
associated nitrogen fixers. Thus, the free-living photosynthetic bacteria Rhodobacter may 
be play dominant role on nitrogen fixation in grassland and their abundance is affected by 
the plant diversity. Future work should be tested on the role of Rhodobacter in the 
biological nitrogen fixation and their biomarkers. 
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6. Summary 
  
 
    Microorganisms have the ability to control the biophysical properties of their membrane 
lipids to thrive in natural environments (Zhang and Rock, 2008). Different microbial 
species possess different membrane lipid compositions, even the composition of a single 
species is not always constant, but depends on the habitat conditions (Sohlenkamp and 
Geiger, 2016). Microorganisms adjust their membrane lipid composition by modifying the 
types of glycerol backbone (chain length, saturation, and branching) and head groups 
(Schouten et al., 2013; Strahl and Errington, 2017). Therefore, signatures of membrane 
lipids in the environmental samples could be used as biomarkers reflecting the 
physicochemical conditions and the community structures (Brocks and Banfield, 2009; 
Brocks and Pearson, 2005; Castañeda and Schouten, 2011). With the increasing knowledge 
of lipid structures and their properties, the interpretation of lipid-based biomarker in 
environmental samples would be more accurate. By using lipidomics, this thesis aimed at 
(i) identifying new lipid isomers to help improve the precision of its derived proxy, (ii) 
expanding the application of lipid biomarkers to the terrestrial subsurface critical zone for 
tracing the signal of surface down, (iii) providing a full lipid profile in the soils, 
investigating their sources and potential possibility as novel chemotaxonomic markers for 
bacteria.  
   The recently discovered 6-methyl brGDGTs improved the accuracy of the derived 
biomarkers for mean annual air temperature (MBT) and soil pH (CBT and IBT). However, 
the errors of the proxies were still substantial (ca. 3°C for MBT). In the first manuscript 
(Chapter 4), we described a new HPLC/MS protocol allowing the isolation of new 
brGDGT isomers that co-eluted with the previous known 5- and 6-mthyl brGDGTs. In this 
study, we successfully identified their structures from a mixture of 102 lake sediments. The 
novel identified 7-methyl brGDGT isomers accounted for 6% of the total brGDGTs in 
Chinese and Cameroon lake sediments. One isomer named IIa7 showed highest correlation 
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with sediment pH. In addition, two novel pentamethylated brGDGTs were also tentatively 
identified based on the mass spectra of their ether-cleaved hydrocarbons. Thus, a 
recalibration of the proxies within these new isomers and the understanding of the 
mechanism upon which bacteria produce different brGDGT isomers are needed in the 
future studies. 
In Chapter 5, we investigated the microbial communities in groundwater (Hainich 
Critical Zone Exploratory) by analyzing membrane lipid br- and isoGDGTs. GDGTs from 
dead and living organisms were determined by the form of core and intact polar lipid, 
respectively. We estimated the source of GDGTs in groundwater by comparing their 
distribution to the ones from soils of potential recharge areas. We found both bacterial and 
archaeal GDGTs were mainly produced in situ in groundwater samples. In the living pool 
of soils, brGDGTs were less abundant than those of isoGDGTs, while in the dead pool, the 
situation was opposite. This suggested brGDGT producing bacteria were more active and 
regenerated faster than isoGDGT-producing archaea in soils. A similar trend was also 
found in groundwater that indicated higher activity (i.e., cell division) of bacteria than of 
archaea. Moreover, the 16S rRNA archaeal gene data supported indigenous production of 
archaea-derived isoGDGTs in groundwater, mainly from Marine Group I.1a 
Thaumarchaeota. This first GDGT study in groundwater demonstrated that harsh 
subsurface environments host an in situ bacterial and archaeal community. 
In Chapter 6, we provide a lipidomics containing over 300 membrane lipids in the 
surface soils of a grassland. The composition, metabolism and function of membrane lipids 
are well studied in pure cultures. But there’s lack of knowledge of their distribution, 
sources and function in natural environments. We showed the distribution of intact polar 
membrane lipids in 76 soil samples differing in the plant community and soil texture. In 
order to determine the source of soil lipid profile we compared them to those of plant roots, 
fungi, collembola as well as amoebae. The soil lipid profile showed more diverse and 
evenly distributed than other potential producers. Soil membrane lipids contain a 
distinctively large amount of odd number carbon chain acyl species and low levels of 
unsaturation, which could not be found in plant roots and other organisms. This indicated 
they were mainly coming from bacteria rather than plants and fungi. their communities 
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and compositions are more complex in natural environments than in cultured conditions. 
Compare to PLFA, lipidomics may provide more information about the function and 
interaction of different lipid head groups. As the distribution of these bacterial 
membrane lipids are not fully studied in the real natures, more researches on the 
environmental samples are needed to help understand their function, composition and 
drivers. 
    In this thesis, we show lipidomics is still a useful and powerful technology to study 
microbial composition, function, metabolic pathway as well as interaction with other 
organisms in the environments. Novel approaches for analysis of the entire microbial 
lipidome are still warranted. A fundamental goal of microbial lipid biomarkers is to 
understand major role of microorganisms in the global carbon cycle. Environmental factors 
or microbial community structures, which is more import for lipid distribution in 
environmtal samples? As the technologies of lipidomics advance, future work of 
microorganisms in the environments should be focus on similtaneous characters of both 
lipidomics and genes. With this comprehensive information, the evolutionary and 
taxonomic roles of microorganism can be more deeply demonstrated.
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Zusammenfassung 
     
    Mikroorganismen sind in der Lage die biophysikalischen Eigenschaften ihrer 
Membranlipide anzupassen um in ihrer natürlichen Umgebung erfolgreich zu gedeihen 
(Zhang and Rock, 2008). Die Zusammensetzung der Membranlipide unterscheidet sich 
zwischen verschiedenen Mikroorganismen und ist selbst bei derselben Spezies nicht immer 
konstant, sondern variiert in Abhängigkeit des Lebensraumes (Sohlenkamp and Geiger, 
2016). Mikroorganismen passen ihre Membranlipidzusammensetzung durch eine 
Veränderung der Glycerolgerüste (Kettenlänge, Sättigung und Verzweigung) sowie der 
Kopfgruppen an (Schouten et al., 2013; Strahl and Errington, 2017). Aufgrund dieser 
molekularen Struktursignaturen können Membranlipide als Biomarker verwendet werden 
und repräsentieren dabei sowohl die physikochemischen Bedingungen des jeweiligen 
Lebensraumes als auch die Zusammensetzung der mikrobiellen Gemeinschaft (Brocks and 
Banfield, 2009; Brocks and Pearson, 2005; Castañeda and Schouten, 2011). Daher ist eine 
Steigerung des Wissensstandes über Lipidstrukturen und ihrer Eigenschaften essenziell um 
genauere Interpretationen von lipidbasierten Biomarkern zu ermöglichen. Die Ziele der 
vorliegenden Doktorarbeit waren (i) die Identifikation neuer Lipidisomere um die 
Präzision der abgeleiteten Indikatoren zu erhöhen, (ii) die Erweiterung der 
Anwendungsgebiete von Lipidbiomarkern auf natürliche Proben aus der Kritischen Zone 
um terrestrische Oberflächensignale in die Untergrundschichten zu verfolgen und (iii) die 
Erstellung eines vollständigen Lipidprofiles von Böden mit speziellem Fokus auf die 
möglichen individuellen Quellen der Lipide und ihr Potential als neuartige 
chemotaxonomische Marker für Bakterien. 
    Die kürzlich entdeckten 6-methyl brGDGTs verbesserten die Genauigkeit der von ihnen 
abgeleiteten Biomarker für Jahresdurchschnittstemperaturen und pH-Werte im Boden. 
Jedoch waren die resultierenden Fehlerbereiche mit ca. 3 °C für die 
Jahresdurchschnittstemperatur weiterhin erheblich. Im ersten Manuskript (Kapitel 4) 
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beschrieben wir ein neues HPLC/MS Protokoll, das es erlaubt neue brGDGT Isomere zu 
isolieren, die mit den bekannten 5- und 6-methyl brGDGTs koeluieren. Die so 
identifizierten neuen 7-methyl brGDGT Isomere machten 6% der gesamten brGDGTs in 
Proben von Seesedimenten aus China und Kamerun aus. Das Isomer IIa7 zeigte die stärkste 
Korrelation mit dem pH-Wert der Sedimente. Weiterhin konnten auf Basis der 
Massenspektren von Kohlenwasserstoffen, die an der Etherbindung abgespalten wurden, 
zwei neue pentamethylierte brGDGTs vorläufig identifiziert werden. In zukünftigen 
Studien sollte daher eine Rekalibration der existierenden Indikatoren mit diesen neuen 
Isomeren durchgeführt werden und besonderer Fokus auf die Mechanismen gelegt werden 
mit denen Bakterien unterschiedliche brGDGT Isomere produzieren. 
    In Kapitel 5 untersuchten wir mikrobielle Gemeinschaften im Grundwasser (Hainich 
Kritische Zone Exploratorium) anhand ihrer br- und isoGDGT Membranlipidprofile. 
GDGTs von lebendigen Organismen wurden anhand von intakten polaren Lipiden, GDGTs 
von toten Organismen anhand von Lipidskeletten bestimmt.  Die Quelle der GDGTs im 
Grundwasser wurde nach ihrer Verteilung im Vergleich zu Bodenproben aus den 
potentiellen Grundwasserneubildungsflächen eingeschätzt. Wir konnten zeigen, dass 
GDGTs von Bakterien und Archaeen hauptsächlich in-situ im Grundwasser gebildet 
wurden. Bei der Bodenprobenanalyse im Bezug auf die lebendigen Organismen waren 
brGDGTs im Vergleich zu isoGDGTs abgereichert. Für die bereits abgestorbenen 
Organismen zeigte sich eine gegensätzliche Verteilung. Dies deutet darauf hin, dass in den 
Böden die brGDGT produzierenden Bakterien aktiver waren und sich schneller regeneriert 
haben als die isoGDGT produzierenden Archaeen. Im Grundwasser zeichnete sich ein 
vergleichbarer Trend ab, der ebenso auf eine höhere Aktivität (Zellteilung) von Bakterien 
im Vergleich zu Archaeen hindeutete. Genetische Daten aus 16S rRNA Analysen von 
Archaeen unterstützten die Schlussfolgerung der in-situ Bildung von isoGDGTs und 
deuteten auf die Marine Gruppe I.1a Thaumarchaeota als hauptsächlichen Poduzenten hin. 
Diese erste GDGT-Studie im Grundwasser zeigte, dass auch raue unterirdische 
Umgebungen in-situ eine Gemeinschaft von Bakterien und Archaeen beherbergen. 
    In Kapitel 6 stellen wir lipidomische Analysen von Graslandböden vor, die über 300 
Membranlipide umfassen. Es existiert ein breiter Wissensschatz über die 
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Zusammensetzung, Metabolismus und Funktion von Membranlipiden in Reinkulturen. 
Jedoch sind in natürlichen Umgebungen ihre Verteilung, Quellen und Funktionen nur 
unzureichend bekannt. In unserer Studie zeigten wir die Verteilung von intakten polaren 
Membranlipiden aus 76 Bodenproben, die sich in der Zusammensetzung der lokal 
wachsenden Pflanzengesellschaft und der Bodentextur unterschieden. Um ihre Quellen zu 
bestimmen verglichen wir die Lipidprofile der Böden zu denen von Wurzeln, Pilzen sowie 
Collembola und Amoebae Spezies. Die Lipidprofile der Böden waren diverser und 
gleichmäßiger verteilt als die der potenziellen Produzenten. Die Membranlipide in den 
Böden enthielten große Mengen von Acylspezies mit ungerader Kettenlänge, die nur wenig 
ungesättigt waren und in Pflanzenwurzeln sowie anderen Organismen nicht auftraten. Dies 
deutete darauf hin, dass sie eher von Bakterien stammten als von Pflanzen oder Pilzen. Die 
Zusammensetzung von Membranlipiden in der Natur ist deutlich komplexer als unter 
Kulturbedingungen und im Vergleich zu PLFA-Analysen kann durch Lipidomics mehr 
Information über die Funktion und Interaktion verschiedener Lipid-Kopfgruppen erhalten 
werden. Da die Verteilung der Membranlipide von Bakterien in der Natur jedoch noch 
nicht vollständig geklärt ist, ist weitere Forschung nötig um ihre Funktion in der Umwelt 
zu verstehen. 
    Ein grundlegendes Ziel beim Einsatz von Lipidbiomarkern ist es die Rolle von 
Mikroorganismen im globalen Kohlenstoffkreislauf zu verstehen. Sind Umweltfaktoren 
oder die Zusammensetzung der mikrobiellen Gemeinschaft wichtiger für die 
Lipidverteilungen in natürlichen Proben? Zukünftige wissenschaftliche Arbeit im Bereich 
der Lipidbiomarker wird einen parallelen Fokus sowohl auf die Charakterisierung von 
Membranlipiden als auch auf genetische Analysen benötigen. Die durch diesen Ansatz zu 
erhaltenden ausführlichen Informationen werden entscheidend sein um die Rolle von 
Membranlipiden in einem evolutionären und taxonomischen Kontext umfassend 
darzulegen. 
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